This communication primarily deals with utilizing organic electro-optic (OEO) materials for the fabrication of active wavelength division multiplexing (WDM) transmitter/receiver systems and reconfigurable optical add/drop multiplexers (ROADMs), including the fabrication of hybrid OEO/silicon photonic devices. Fabrication is carried out by a variety of techniques including soft and nanoimprint lithography. The production of conformal and flexible ring microresonator devices is also discussed. The fabrication of passive devices is also briefly reviewed. Critical to the realization of improved performance for devices fabricated from OEO materials has been the improvement of electro-optic activity to values of 300 pm/V (or greater) at telecommunication wavelengths. This improvement in materials has been realized exploiting a theoretically-inspired (quantum and statistical mechanics) paradigm for the design of chromophores with dramatically improved molecular first hyperpolarizability and that exhibit intermolecular electrostatic interactions that promote self-assembly, under the influence of an electric poling field, into noncentrosymmetric macroscopic lattices. New design paradigms have also been developed for improving the glass transition of these materials, which is critical for thermal and photochemical stability and for optimizing processing protocols such as nanoimprint lithography. Ring microresonator devices discussed in this communication were initially fabricated using chromophore guest/polymer host materials characterized by electro-optic coefficients on the order of 50 pm/V (at telecommunication wavelengths). Voltage-controlled optical tuning of the pass band of these ring microresonators was experimental determined to lie in the range 1-10 GHz/V or all-organic and for OEO/silicon photonic devices. With new materials, values approaching 50 GHz/V should be possible. Values as high as 300 GHz/V may ultimately be achievable.
Introduction
Organic electro-optic (OEO) materials and devices have been of interest for more than a decade because of the potential for high bandwidth, low drive voltage operation, and because of their adaptability to a range of processing protocols for fabrication of a wide array of novel devices including phased array antennae, optical gyroscopes, and optochips. [1] [2] [3] [4] [5] [6] [7] [8] [9] Devices fabricated from organic materials afford an important advantage over devices based on inorganic materials (such as lithium niobate) for high speed/broad bandwidth operation. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Low dielectric constants, low dispersion, and fast electronic response, associated with the π-electrons of organic materials, permit high frequency operation, including over the full W band (75-110 GHz) range. 10, 11 Organic electro-optic materials have also proven attractive for terahertz signal generation and detection and may be of utility for terahertz imaging. 12, 13 A characteristic of organic electro-optic materials that has become more recently appreciated is their adaptability to a variety of processing methodologies. Thin film devices can be fabricated both by solution (e.g., spin casting and sequential synthesis 14, 15 ) and vapor deposition (including sequential synthesis protocols). Conformal and flexible devices have been fabricated by lift-off techniques with properties remaining essentially unchanged even under extreme and repeated flexing and bending. 16 Stripline (Mach Zehnder) and ring microresonator devices have been fabricated by soft and nanoimprint lithography suggesting the potential for low cost, mass production of complex circuitry. [17] [18] [19] Organic electro-optic materials have been incorporated into silicon photonic devices including ring micro-*dalton@chem.washington.edu; phone 1 206 543-1686; fax. 1 206 685-8665 resonators, slotted ring microresonators, and photonic bandgap structures. 20, 21 Frequency tuning of 7 GHz/V has been demonstrated with silicon slotted ring microresonators filled with organic electro-optic materials. 20 High bandwidth optical rectification was also observed with these hybrid slotted ring microresonators. 20 Vertical integration with very large scale integration (VLSI) semiconductor electronics and integration with silica fiber optics has been achieved. 6, [22] [23] [24] [25] [26] [27] [28] [29] [30] Three-dimensional (3D) electro-optic circuitry has been fabricated and indeed fabricated on top of VLSI wafers. [6] [7] [8] [9] [22] [23] [24] [25] [26] [27] [28] [29] [30] 3D (vertical slope) fabrication techniques have also been employed to produce electro-optic wedges (analogous to in-line fiber modulator structures) on top of low optical loss transmission fibers. [6] [7] [8] [9] [22] [23] [24] [25] [26] [27] [28] [29] [30] Such structures permit low (e.g., less than 1 dB per connection) optical loss coupling of light into and out of electro-optic devices structures. Utilization of tapered transitions, wedge structures, or spherical lens has permitted total insertion loss to be reduced to values of 6 dB or less. Such values are approaching those obtained for lithium niobate devices but lithium niobate can always be expected to afford an advantage of lower material loss. With lithium niobate, material loss is insignificant (∼ 0.2 dB/cm) and insertion loss is limited by index matching rather than mode size matching. A variety of novel device structures, including stripline, [31] [32] [33] [34] cascaded prism, 35 all-organic ring microresonator, [17] [18] [19] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] and OEO/silicon photonic ring microresonator 20, 21 structures have been fabricated from organic electro-optic materials. The potential for organic electro-optic materials to exhibit large electro-optic coefficients (tensor elements r 33 and r 13 for poled polymer materials) has been appreciated for more than a decade but it is only within the last five years that values have exceeding those of lithium niobate (∼ 30 pm/V) at telecommunication wavelengths have been achieved. 31 In the past year, electro-optic activities of greater than 300 pm/V have been realized for organic materials at telecommunication wavelengths. [47] [48] [49] [50] One objective of this communication is to provide insight into how these high values were achieved and to speculate on what further improvements can be realized in the near term. It is also important to discuss auxiliary properties such as optical loss, thermal stability, photochemical stability, and processability. However, before we turn our attention to a discussion of improvement of electro-optic activity by theoretically-inspired rational design, it is useful to discuss the motivation for achieving large electro-optic coefficients. Frequently, the motivation is expressed in terms of the relationship of electro-optic activity to device drive voltages (e.g., V π in the case of Mach Zehnder modulators). 31 In the field of rf photonics, the motivation is to achieve transparent (lossless) telecommunication links. Even better would be to achieve gain in the electrical-optical-electrical signal transduction process. The drive voltage required to achieve transparency in telecommunication links employing stripline EO devices is nominally on the order of 0.5 volts. For a Mach Zehnder modulator: V π = λh/(Cn 3 r 33 LΓ) where λ is the operational wavelength, h is the drive electrode spacing, n is the index of refraction, L is the optical/electrical field interaction (device) length, Γ is the modal overlap parameter, and C = 1 or 2 depending on whether single arm or pushpull operation is utilized. It is clear from this expression that the relationship between V π and r 33 will depend on device design. Moreover, other critical performance parameters, such as bandwidth and insertion loss, will be defined by device design. For example, resistive losses in metal electrodes typically limit bandwidth in stripline devices. 10, 11 If one assumes the resistive loss of gold, a waveguide loss of the electro-optic materials of 2 dB/cm, an electro-optic coefficient of 300 pm/V, a 0.5 cm electrode structure with a low loss mode transformer results in a 3 dB operational bandwidth of approximately 100 GHz, an insertion loss of 3 dB, and a V π of 0.75 volts. Clearly, there is a motivation to achieve electro-optic coefficients even greater than 300 pm/V. Cox and coworkers 34 emphasize that the traditional focus has been oversimplified and that the strong motivation for higher electro-optic activity also relates to optical power, bandwidth, and device size considerations. We also call to the reader's attention to the fact that it may be desirable to trade bandwidth for size and low drive voltages by using device structures such as ring microresonators rather than stripline devices for electrical-to-optical signal transduction and data management (e.g., optical switching). An example of such trade-off is the exceptional performance of hybrid organic EO/silicon photonic split ring microresonators. Indeed, the second major topic of this communication (the first being optimization of material properties) is investigation of the application of ring microresonators for active WDM and ROADM applications.
In this communication, we restricted our consideration of organic electro-optic thin film materials prepared by electric field poling of dipolar charge transfer chromophores. However, our consideration of the role played by intermolecular electrostatic interactions is relevant to understanding the formation of acentric organic crystals and for the order observed in thin films prepared by sequential (Langmuir-Blodgett or Merrifield-type) synthesis from functionalized surfaces.
Our communication is organized into two parts: (1) Optimizing material properties and (2) exploration of allorganic and OEO/silicon photonics hybrid ring microresonators for applications related to telecommunications. The first part will hopefully provide the reader with an idea of improvements in performance that can be expected in the near future.
Optimizing Material Electro-Optic Activity and Auxiliary Properties
Macroscopic electro-optic activity is related to molecular electro-optic activity (molecular first hyperpolarizability β) by the following expression: r 33 = 2Nβf(ω)<cos 3 θ>/n 4 where n is the index of refraction, N is the chromophore number density in the material, f(ω) is a local field factor accounting for the dielectric nature of the material around the chromophore, and <cos 3 θ> is the electric field poling-induced chromophore acentric order parameter. N and <cos 3 θ> are not independent parameters because of intermolecular electrostatic interactions. Thus, optimizing macroscopic electro-optic activity can be divided into two operations: (1) Use of quantum mechanics to optimize β and (2) use of statistical mechanics to optimize the product N<cos 3 θ>. The use of single molecule quantum mechanics relies on the absence of orbital interactions between chromophores. Such isolation is desired for other reasons including to avoid charge transport (conductivity) between chromophores that would lead to reduction in the poling field felt by chromophores and to bias voltage drift in operational devices. There are two classes of chromophore modifications that are normally considered when attempting to try to improve chromophore β values. The first is the obvious realization of maximum molecular first hyperpolarizability by the systematic optimization of individual donor, bridge, and acceptor moieties of charge-transfer type chromophores. The second is to explore novel chromophore architectures such as "X" shaped [51] [52] [53] chromophores and twisted 48, [54] [55] chromophores. The first question that must be asked is "How reliable are various quantum mechanical methods in predicting desired structure/function trends?" If one is speaking of simple modification of donor, bridge, and acceptor moieties, the answer (based on comparing the results of Hartree-Fock, Density Functional Theory (B3LYP and PBE), and INDO methods for calculating trends in the variation of molecular first hyperpolarizability for a series of 12 chromophores) seems to be that quantum mechanical methods do a reasonable job of predicting changes in β with simple donor, bridge, and acceptor modifications. 48 A recent article by Robinson and coworkers 56 examines the reliability of density functional theory (DFT) calculations for predicting changes in β with variation of bridge and acceptor groups for a series of chromophores based on ferrocenyl donors. Excellent agreement is obtained with experimentally-defined (by wavelength-agile, femtosecond Hyper-Rayleigh Scattering (HRS) measurements) relative (to p-nitroaniline) β values and theoretically-calculated β values (referenced to p-nitroaniline). Referencing results to pnitroaniline was effected to avoid dielectric medium effects complicating comparison of theory and experiment. Moreover, it is important to keep in mind that one is ultimately interested in trends when designing new chromophores rather than in absolute β values. In reference 48, other comparisons between theory and experiment are given (considering the variation of β with changes in acceptor structure for amine donor/vinyl bridge structures) reinforcing the conclusions of reference 56. Theory predicts that β will increase with replacement of the methyl group of the tricyanovinylfuran (TCF) acceptor with a trifluromethyl group. This trend has been repeatedly observed experimentally and has been exploited by researchers at Lockheed Martin and Corning as well as by our group. Replacement of the furan ring with a pyrroline ring is predicted to lead to even greater improvement. This observation is qualitatively confirmed by HRS measurements. In like manner, pyrrolizine acceptors have been found to lead to improved molecular hyperpolarizability. It should be noted that in this work we discussed β HRS values because we are focused on comparing theoretical results with the results of HRS experiments. It is the component of β along the dipole moment vector that is relevant to macroscopic electro-optic activity induced by electric field poling. It is also common to report theoretical β ZZZ values. However, since we are interested in the variation of β from compound to compound, the distinction between these different elements of β is relatively unimportant. It is clear that for simple chromophore modification discussed to this point, various quantum mechanical methods are effectively in predicting trends (relative β values). This is not always the case as is illustrated for the case of twisted chromophores. 48 Various methods fail to agree on the magnitude for even the sign of maximum molecular hyperpolarizability as a function of twist angle. 48 While the different predictions of various methods can be rationalized (singularities and the role of parameterization of semiempirical methods), it is clear that the reliability of theoretical methods is not good for twisted chromophores. Reasonable agreement is observed between various theoretical methods for X-shaped chromophores.
In summary, quantum mechanical calculations, while not always reliable predictors of changes in β with changing chromophore structure, have in most cases provided very valuable guidance. Improvement of β has played an important role in the realization of state-of-the-art electro-optic activities and further significant (perhaps as much as an order of magnitude) improvement in β can be anticipated. A point that must be kept in mind in improving β is the optical nonlinearity/optical transparency trade-off. For neutral ground state chromophores, improving β normally results in some red shifting of the absorption maximum of the interband charge transfer transition. Care must be exercised that interband absorption loss at 1.3 microns telecommunications wavelength does not increase to values greater than the io absorption loss contributed by hydrogen overtone vibrational transitions. 57, 58 Interband electronic absorption is typically not a problem for operation at 1.55 mcirons. X-shaped chromophores are interesting in that an increase in β is accompanied by a blue-shifting of the interband absorption maximum. However, in preliminary studies these chromophores have been found to aggregate and thus must be modified to inhibit such aggregation before chromophores can be exploited for realization of improved electro-optic activity.
If intermolecular electrostatic static interactions are treated in the point dipole approximation 59 (neglecting nuclear repulsive interactions or chromophore shape effects), the acentric order parameter is calculated to be <cos
where µ is the chromophore dipole moment, F is the effective poling field (corrected for medium dielectric effects), k is the Boltzmann constant, T is the Kelvin poling temperature, L is the Langevin function, and W is the intermolecular electrostatic interaction energy. In this approximation, electronic intermolecular electrostatic (e.g., dipole-dipole) interactions act to reduce poling-induced order realized in the independent particle limit µF/5kT. As intermolecular electrostatic interactions increase in a quadratic manner with chromophore number density, a maximum in the graph of electro-optic activity versus number density is predicted with the position of the maximum dependent on chromophore dipole moment. The treatment of intermolecular electrostatic interactions was quickly extended to include treatment of nuclear repulsive interactions at various levels leading to quantitative simulation of the experimental variation of electron-optic activity with chromophore number density for prolate-ellipsoid-shaped chromophores dissolved in polymers to form composite materials. [59] [60] [61] [62] Monte Carlo calculations have also been adapted to the study of intermolecular electrostatic interactions 60 and recent calculations by Robinson and coworkers 62 have predicted that intermolecular electrostatic interactions can also lead enhancement of poling-induced acentric order. A variety of effects contribute to the propensity for acentric self-assembly but the essential features can be realized from a consideration of Figure 1 . Dependence of electro-optic activity on chromophore shape and number density is shown. Multiplication of the Loading Parameter by molecular first hyperpolarizability, β, and a constant dependent on medium dielectric yields r 33 .
N. Plotting N<cos 3 θ> rather than r 33 versus number density, N, in Fig. 1 has the advantage of providing a more universal curve for discussing the effects of intermolecular electrostatic interactions. In Fig. 1 , two limiting cases are shown. The independent particle (non-interacting chromophores) case yields an order parameter given by <cos 3 θ> = µF/5kT that is independent of chromophore number density or concentration. In this case, the chromophore can access all orientations. The second limiting case is the Ising lattice, where chromophores can only point along the poling field direction or opposite to the poling field direction. The Ising lattice potential is a highly restrictive potential. For the case of an Ising lattice, the order parameter is given by <cos 3 θ> = µF/kT and is a factor of 5 greater than for a chromophore experiencing no confining potential. The Ising model is independent of chromophore number density and thus is of little physical significance other than to set a conceptual limit to the realization of acentric order. In Fig. 1 the area between the independent particle and Ising lattice straight lines represents a region where intermolecular electrostatic interactions act to increase poling-induced acentric order. Below the independent particle line, intermolecular electrostatic interactions act to attenuate poling-induced acentric order. The dependence of curves of electro-optic activity versus number density on chromophore shape can be understood when it is realized that the intermolecular electronic (dipoledipole) electrostatic interaction is spatially anisotropic with one component favoring centrosymmetric ordering of chromophores and with the other component favoring acentric chromophore order. The relative importance of these two contributions changes with chromophore shape. That is, spatially-anisotropic nuclear repulsive interactions for oblateellipsoid-shaped chromophores act to inhibit close side-by-side chromophore approach that favors centrosymmetric order. Such materials prefer discotic head-to-tail stacking that favors acentric or noncentrosymmetric order. From Fig.  1 , it is clear that the functional form of the behavior of r 33 versus N changes in going from the region where intermolecular electrostatic interactions oppose poling-induced order to a region where such interactions augment poling-induced order. For oblate-shaped chromophores, the electro-optic activity increases rapidly as a function of N for low loading and then reaches a saturation value that remains relatively constant with increasing concentration. This is in contrast to the behavior predicted for prolate-ellipsoid-shaped chromophores where the behavior of r 33 versus N follows the independent particle line at low concentrations and then deviates from that line going through a maximum value and decreasing with increasing chromophore number density at high loading. Other potential functions (e.g., those associated with covalent bonds) can also influence the competition of acentric versus centric ordering forces and the functional behavior shown in Fig. 1 provides a useful diagnostic for such competition.
Another important diagnostic for determining whether intermolecular electronic electrostatic interactions augment or attenuate poling-induced order is the ratio r 33 /r 13 (see Fig. 2 ). This ratio has the advantage of canceling out (to first order) the effect of the dielectric medium. The exact magnitude of the ratio will also depend on the anisotropy of the molecular first hyperpolarizability tensor (β). However, the functional dependence of the ratio versus number density is diagnostic for the relative importance of various potential functions. We have also carried out pseudo-atomistic Monte Carlo calculations for multi-chromophore-containing dendrimers as a function of loading in an inert matrix. In the pseudo-atomistic approach, π-conjugated segments of the dendrimer are treated in a United Atom Approximation while σ-bonded flexible segments are treated atomistically. We now discuss modeling of a PAS type dendrimer (a three arm dendrimer, one arm of which is shown in Fig. 3.) . Pseudoatomistic calculations predict that the acentric order parameter increases with increasing chromophore number density (dendrimer density). Physically, at high concentrations, dendrimers act to restrict the orientations that chromophores can access. This is somewhat analogous to chromophores experiencing an Ising potential. Experimentally, a factor of three improvement in electro-optic activity is observed for the PAS dendrimer over the best values that can be obtained for the same chromophore in a composite material at a concentration that optimizes electro-optic activity. Adding a second class of chromophores to an ordered dendrimer glass may be viewed as adding that chromophore to an Ising-like lattice and enhanced acentric order may follow from such doping to form binary glasses.
In the past year, we have prepared and evaluated a number of new electro-optic materials that can be considered as implementation of the theoretically suggested structures discussed above. A detailed discussion of these dozen materials is beyond the scope of this communication but we attempt to present several examples that illustrate key points.
These examples can be categorized as chromophore/multi-chromophore-containing dendrimer and chromophore/single-chromophore-containing dendrimer binary glasses. In Fig. 4 , we present data for several representative samples: One doped multi-chromophore-dendrimer system and three different doping levels of doped single-chromophore containing dendrimer material.
Similar results, including even larger electro-optic activities, are observed for other binary doped chromophore glass systems including some systems where electro-optic activity approaches 400 pm/V. In all cases, the electro-optic activities that can be realized are greater than those that can be realized by adding the dopant chromophore to polymers such as amorphous polycarbonate. The results are not restricted to the type of chromophore structure considered here and indeed appear to be quite general as long as the dopant and host chromophores are somewhat incommensurate. Our analysis of theoretical and experimental results have suggested a number of experiments for gaining improved information regarding detailed nanoscopic order including measurement of the ratio of r 33 /r 13 and nanoscopic imaging based on second harmonic generation, two-photon fluorescence, and birefringence. Theoretical simulations have done a respectable job of qualitatively explaining the experimentally observed trends such as the variation of electro-optic activity and the ratio of r 33 /r 13 with chromophore concentration (number density); however, Van der Waals interactions other than dipole-dipole interactions are very strong and ubiquitous suggesting that care be exercised in the analysis of experimental data. The spatially anisotropic electronic dipole-dipole and nuclear repulsive (shape dependent) interactions and potential functions for rotation about covalent bonds are the best understood parts of the problem at this point in time. The critical factor driving self-assembly in the favor of acentric chromophore ordering is the interplay of nuclear repulsive, bond restriction, and Van der Waals interactions to favor the acentric order potential of the electronic dipole-dipole interaction over the centric order favoring component. This is trivially visualized in Fig. 1 when nuclear repulsive potentials are the only interactions beyond electronic dipole-dipole interactions that need to be considered. Fortunately, pseudo-atomistic Monte Carlo calculations provide "snap shot" pictures of various minimum energy structures for the ensemble of chromophores and dendrimers considered. Such snap shots can provide some insight into how chromophores and dendrimers are organizing under the influence of a poling field although one is dealing with Boltzmann aggregates rather than highly organized structures as in the case of single crystalline materials.
Regardless of the precise nanoscopic organization of specific binary glasses, one point is clear from both experimental data and theoretical simulations; namely, that very high chromophore loading and a large acentric order parameter are not mutually exclusive. Indeed, the order parameters and number densities realized for binary organic glasses are beginning to approach those realized for organic crystals. Other properties such as photostability also suggest that binary glasses are closer to organic crystals than chromophore/polymer composites; we have observed photostability to be more than an order of magnitude greater in binary glasses than in chromophore/polymer composites. The observations reported here suggest several things pertinent to the realization of the ultimate electro-optic material. First, it is likely that less than a factor of two additional improvement in electro-optic activity can be realized by further improving the product N<cos 3 θ>. Further improvement of this product could be viewed as preparing "crystalline" electro-optic materials in a thin film format by solution processing and electric field initiated crystallization. The simple observation is that the easiest route to realizing electro-optic activity of 500 pm/V or greater is through the incorporation of chromophores of higher β values into theoretically-inspired nanostructured lattices such as described in this communication. Another important observation is that chromophore concentrations are much higher in binary glass materials than in chromophore/polymer composite materials and the consequences for optical loss must be considered. Proton densities are typically lower in the doped dendrimer binary glasses so absorption loss due to overtone vibrations of hydrogen will be smaller; however, contributions from chromophore interband (charge transfer) absorption can be higher due to the higher chromophore concentrations. For the types of chromophores considered here, this is unlikely to be a problem at 1.55 microns telecommunications wavelength but care must be exercised in making sure that desired optical loss levels apply at 1.3 microns. Several other observations need to be made with respect to binary dendrimer glasses. These are relatively low molecular weight materials, at least with respect to a high molecular weight polymers such as amorphous polycarbonate. Without crosslinking the glass transition temperatures of the binary glasses of Fig. 4 are in the range 70-90°C, which is too low for these materials to be useful for the fabrication of practical devices. Fortunately, glass transition temperature can be increased without significantly altering electro-optic activity or optical loss by use of reversible (retro-Diels-Alder) and irreversible (fluorovinyl ether) crosslinking reactions. In studies of other materials, such crosslinking chemistries have been used to improve glass transition temperatures to on the order of 200°C. [63] [64] [65] [66] [67] [68] In preliminary studies, we have used reversible Diels-Alder crosslinking to increase glass transition temperatures to between 125-150°C for the materials of Fig. 4 . Achieving the highest desired glass transition temperatures (∼ 200°C) without attenuation of electro-optic activity or increase in optical loss requires attention to both the segmental flexibility of crosslinked moieties and the positioning of crosslinking functionalities. While the highest glass transition temperatures are desirable for the greatest thermal and photochemical stability, lower values can be important for processing protocols such as soft and nanoimprint lithography.
The binary glass materials, described in this communication, exhibit record fast-response electro-optic activity. Providing that the glass transition temperatures of the materials can be increased to 150-200°C and providing that low optical loss waveguides can be fabricated from the materials, these materials should be useful for fabricating a wide array of ultra high bandwidth, low drive voltage devices. Preliminary success has already been realized in incorporating these materials into silicon photonic split ring microresonator devices where organic electro-optic materials may not only be useful for electrical-to-optical signal transduction and optical switching but also for high bandwidth optical rectification. 20 These materials may be useful for terahertz signal generation and detection providing both exceptional sensitivity and high bandwidth. 12, 13 The absence of phonon modes associated with crystalline materials affords greater bandwidth in the 1-20 THz range. 12, 13 
Fabrication of Ring Microresonators
There is not sufficient space to describe research on both all-organic and organic OEO/silicon photonic hybrid ring microresonators and the theory behind device design. The reader is referred to recent publications 9,17-21,36-46 for a broader picture including to the fabrication of all-organic device structures by more novel techniques such as nanoimprint [17] [18] [19] [20] [21] and two-photon 42, 44 lithography. Here we focus on presenting two different approaches to the fabrication of hybrid devices where the low dielectric breakdown threshold of silicon provides a challenge to induction of electro-optic activity by electric field poling.
The high index of silicon provides a natural platform for concentrating or tightly confining light in circuits of nano/microscopic dimensions. [68] [69] [70] [71] [72] Moreover, it has recently been shown that it is possible to concentrate optical power in the slot of slotted silicon photonic devices. 20, 73, 74 providing a low loss transition from high index silicon to lower index of refraction OEO materials. The high Qs of such devices permit an amplification of optical field intensities that results in optical rectification. 20 Thus, the potential exists for using the same slotted ring microresonator device structure for both electrical-to-optical and optical-to-electrical signal transduction on the same chip.
We have fabricated prototype device structures using CLD/APC composite materials, 31 CLD composites with the chromophore (YLD124) of these materials has led to dramatic improvements in device performance parameters such as the bandwidth/voltage (sensitivity) factor. The YLD124 chromophore can be considered a variant of the CLD chromophore where the two methyl groups of the acceptor furan ring are replaced by a trifluoromethyl group and a phenyl group. This modification leads to an approximate factor of two improvement in chromophore β value. 56 We provide examples of use of the first two materials here. Publication of the results on binary glasses and dendrimer glasses will be presented elsewhere.
Several different device structures have been explored including the two structures discussed in this communication. Both of the devices discussed here are based on depositing OEO materials by spin casting. Other methods of deposition, including vapor phase deposition, have been successfully explored. In the first device structure, shown in Fig. 6 , the CLD/APC material is used; electric field poling and drive voltages are provided by metal electrode structures. Typical results, showing both voltage (electro-optic) and thermal wavelength tuning are shown in Fig. 7 . As is evident from consideration of these results, the electro-optic activity of the OEO material is considerably attenuated from that typically realized in all-organic devices due to the dielectric breakdown limitations of silicon. For that reason, we have explored the use of conducting silicon electrodes (Electronic grade silicon was implanted with phosphorous at normal incidence, 30keV energy, and 1x10 12 ions/cm 2 density). The device structure and typical results are shown in J. 
Summary
Statistical mechanical calculations have been used to understand the improvement of the electro-optic activity of organic materials to values greater than 300 pm/V. New binary glasses demonstrate that intermolecular electrostatic interactions can enhance (as well as detract from) poling-induced acentric order. Dramatically improved values of the product N<cos 3 θ> have been obtained for binary glasses of chromophores and chromophore-containing dendrimers. Such binary glasses can be viewed as approaching crystalline organic electro-optic materials in terms of chromophore number density and acentric order parameter. The greatest chance for further dramatic improvement in electro-optic activity for organic materials appears to involve improving the molecular hyperpolarizability of constituent chromophores. Quantum mechanical calculations suggest that significant further improvement can be obtained by simple modification of donor, bridge, and acceptor moieties of charge-transfer chromophores. Certainly, values in the range 500-1000 pm/V appear obtainable in the near future exploiting quantum mechanical guidance. Of course, for new materials to be of utility for the fabrication of devices, they must exhibit adequate stability. Reversible (Retro-DielsAlder) and irreversible (fluorovinyl ether crosslinking to form cyclobutyl bridges) crosslinking chemistries afford the opportunity to dramatically increase stability without compromise of electro-optic activity or optical loss. OEO materials have been used to fabricate both all-organic and OEO/silicon photonic hybrid ring microresonator devices.
Bandwidth/voltage sensitivity factors in the range 1-10 GHz/V are observed for devices fabricated using CLD-type chromophore/APC polymer composite materials. Values greater than 30 GHz/V can be anticipated with use of new binary glass OEO materials.
